During the process of plant domestication, below-ground communities are rarely considered. Some studies have attempted to understand the changes in root symbionts owing to domestication, but little is known about how it influences mycorrhizal response in domesticated crops. We hypothesized that selection for above-ground traits may also result in decreased mycorrhizal abundance in roots. Breadfruit (Artocarpus sp.) has a long domestication history, with a strong geographical movement of cultivars from west to east across the Melanesian and Polynesian islands. Our results clearly show a decrease in arbuscular mycorrhizas (AMs) along a domestication gradient from wild to recently derived cultivars. We showed that the vesicular and arbuscular colonization rate decreased significantly in more recently derived breadfruit cultivars. In addition, molecular analyses of breadfruit roots indicated that AM fungal species richness also responded along the domestication gradient. These results suggest that human-driven selection for plant cultivars can have unintended effects on below-ground mutualists, with potential impacts on the stress tolerance of crops and long-term food security.
INTRODUCTION
Domestication is a complex evolutionary process in which human use of plant and animal species leads to morphological and physiological changes that distinguish domesticated taxa from their wild ancestors [1] . A plant is considered to be domesticated when its native characteristics are altered such that it cannot grow and reproduce without human intervention. As a result, many domesticated species are differentiated from their wild ancestors based on an assortment of morphological, phenological and reproductive traits [2] [3] [4] . In general, the domestication process for plants involves directional selection for lineages with increased yields, prolonged length of fruiting season or accretion of edible parts. However, most studies have focused on grain crops, which typically have low mycorrhizal responsiveness (i.e. the degree to which the plant growth is enhanced by mycorrhizal fungi). We have a much less comprehensive knowledge of domestication in other types of crops, in particular the fruit crops [3, 5] , even though these species make up an important component of human nutrition throughout the world.
During the process of domestication, effects on belowground processes are rarely considered. These include interactions with root symbionts that allow plants to access limiting nutrients and protect themselves from pathogens [6, 7] . Here, we focus on the diversity and community structure of arbuscular mycorrhizal fungi (AM fungi), an abundant group of below-ground root symbionts that is known to play an important role in agricultural ecosystems [8] .
The AM symbiosis is the most widespread mycorrhizal association, and affects approximately 70 to 90 per cent of land plants in both natural and agricultural ecosystems [9] . AM fungi play a key role in soil fertility, structure and ecology [10] [11] [12] . Recent studies have shown that AM fungal species are functionally distinct, in that some taxa provide disease resistance and others enhance nutrient supply to plants [13] . Furthermore, the diversity of AM fungi can potentially influence plant fitness, community structure, biodiversity, ecosystem productivity and variability [11, [13] [14] [15] . The beneficial effects of AM fungi on plant growth have led to the development of AM fungi as bioinoculants for forestry, agriculture and horticulture [16] .
While it is clear that almost all important food crops are highly mycorrhizal [17] , it is thought that modern breeding practices have selected for crops that are less mycorrhizal-dependent, but this remains unclear [18] . There is evidence for loss of mycorrhizal responsiveness in modern lines of plants such as wheat [19 -21] and maize [22 -24] . While this relationship has not been observed for all crops, similar trends have been noted for another key root symbiosis: the nitrogen-fixing association between rhizobial bacteria and leguminous plants [25] . In many cases, the AM fungal symbiosis is maintained in crop plants after decades of breeding new varieties with no consideration of the presence or role of the symbiosis [26 -28] .
Breadfruit (Artocarpus altils Parkinson (Fosberg), Moraceae) is an important staple food crop in Oceania and throughout much of the tropics [29] . During the process of its domestication, hundreds of cultivars have been selected for and named [30] . Zerega et al. [31] examined the species limits within the breadfruit complex and recognized three species in the genus Artocarpus-Artocarpus altilis (domesticated breadfruit), Artocarpus camansi (breadnut) and Artocarpus mariannensis-and verified the existence of hybrids A. altilis Â A. mariannensis. As part of the domestication process over the past 2000-3000 years, breadfruit (A. altilis) has changed considerably from its ancestor, breadnut (A. camansi). For example, domesticated cultivars of A. altilis have larger, fleshier fruit and fewer seeds [30] . In addition, some cultivars have extended fruiting season and fruit loads [32] . Also, breadfruit is dependent on humans for dispersal since many cultivars are seedless.
Because of the questions surrounding breadfruit origins and the role of humans in its dispersal, Zerega et al. [33] traced human-mediated breadfruit dispersal through Oceania. Their results agree with the theory that humans colonized Polynesia via Melanesia. With regard to breadfruit, most Melanesian and Polynesian cultivars appear to have arisen over generations of vegetative propagation and selection from A. camansi [33] . Wild populations of A. camansi have been recorded from primary forests only in and around New Guinea (NG) [34] .
Breadfruit presents a unique opportunity to study the effects of domestication because its domestication falls conveniently along a spatial gradient (longitude). This unusual situation arose because breadfruit was dispersed throughout Oceania exclusively by human migrants who carried with them vegetative cuttings from choice cultivars. Thus, each island along the west-to-east route represents a distinct 'bottleneck', which increasingly differentiated cultivars from their ancestral state. These derived cultivars remained relatively unchanged along the gradient because breadfruit also lost the ability to sexually reproduce along the migration route. Breadfruit growing closer to NG experienced a greater degree of gene flow, with more ancestral cultivars.
Using the hypothesized eastward migration from its origins in NG [33] , we set out to investigate how the domestication process affected the AM symbiosis in breadfruit. We asked the following questions. (i) Has domestication reduced the intensity of the AM symbiosis? (ii) Has domestication affected the identity of the AM fungal community?
2. RESULTS (a) Effect of the domestication distance on number of seeds We observed a significant decrease of seed counts per individual fruit along the eastward domestication from NG (figure 1a). From a total of 56 samples, only 16 samples contained seeds. Starting with average seed counts of 2.37 in cultivars around NG (longitude +138), cultivars become increasingly seedless past 308 E of NG, and none of the fruit past 408 E contained seeds.
(b) Does domestication reduce the intensity of arbuscular mycorrhiza symbiosis? (i) Longitude versus root colonization Two of the three measures of fungal root colonization levels were negatively correlated with longitude. Eastward from NG, both AM fungal-specific abundance measuresarbuscular colonization (AC) and vesicular colonization (VC)-were significantly reduced ( figure 1b,c) , while changes in hyphal colonization (HC) were negligible (table 1 and figure 1d ). Both partial Mantel tests (PMTs) and analysis of covariance (ANCOVA) confirmed significant effects of longitude on the AC and VC, after controlling for potentially confounding distance (PMT)/ site (ANOVA) and plant age effects. Thus, these longitudinal effects cannot be explained by tree age nor the spatial arrangement of individual trees within the common garden, even though some soil properties varied among different cultivating sites (electronic supplementary material, table S2).
(c) Does domestication affect the identity of the arbuscular mycorrhiza fungal community? (i) Longitude versus arbuscular mycorrhiza fungal species richness Blast searches in the GenBank database showed that all sequences obtained in this study had a high similarity to AM fungi and belonged to the Glomeromycota phylum. These sequences and those corresponding to the closest matches from GenBank were used to determine phylogenetic relationships. A total of ten AM fungal phylotypes were detected in breadfruit roots, with one to seven phylotypes per plant. The majority of these sequences (figure 2) belonged to Glomus genus, and mainly to the Glomus A group, except for one sequence (7-3-1B), an Acaulospora sp. with a 99 per cent bootstrap support. The phylogenetic relationships among the sequences belonging to the Glomus genus allowed the delineation of nine monophyletic groups, supported by significant bootstraps (greater than or equal to 94%). Among the total 59 root samples, the most common AM fungal phylotype Glomus Ab1 was found in 45 samples, while the very low-frequency AM fungal phylotype Glomus Ab2 was only found in four samples. Most of the root samples contain three to five AM fungal phylotypes.
Both AM fungal sequence and phylotype richness strongly correlated with each other (R ¼ 0.7085, p , 0.001) and positively related with longitude (figure 1e). While ANCOVA also indicated a positive correlation between these measures of AM fungal richness and longitude, PMT did not indicate a significant relationship after accounting for the plant age and cultivation site.
We also tested for differences among the three breadfruit species and hybrids close to NG (longitude , 138), the native and ancestral habitat of breadfruit. We found no significant effects of age, site, species or longitude on any of the traits (electronic supplementary material, table S3), with the only exception a significant age effect of AM sequence and phylotype richness (PMT).
DISCUSSION
We studied the effects of domestication on mycorrhizal symbiosis using the west-to-east movement of breadfruit cultivars as our model. Our results clearly show directionality to step-wise changes that occurred during breadfruit domestication, from oldest to most recent cultivars. The roots of domesticated breadfruit cultivars support fewer, but more diverse, communities of AM fungi than their wild ancestors, illustrating a biogeographic pattern that coincides with the presumed domestication route of breadfruit and the colonization of the Pacific islands by humans.
Our results support the hypothesis that selection of cultivars can lead to the breakdown of the AM symbiosis. Regardless of soil nutrient status and age of tree, both root AC and VC showed a clear effect of longitude on root colonization. This trend was robust despite the fact that breadfruit has been not been subjected to deliberate breeding programmes as have other crops in modern agriculture. Some studies have looked at the effect of domestication on a shorter time scale and have found similar results [23, 24, 36] .
(a) Colonization by arbuscular mycorrhiza fungi Based on colonization intensity, our study shows that modern breadfruit cultivars are less able to support AM fungi than wild ancestors. Domestication typically favours above-ground traits (i.e. large fruits) over below-ground traits. Compared with their wild relatives, edible fruits of domesticated taxa tend to be larger and sweeter, and are higher in oil [37] . In some cases, seeds are bigger and more numerous [4] , or reduced/absent in others (i.e. banana or watermelon). In the case of breadfruit, A. altilis has fewer seeds, and a higher proportion of edible fruit with cultivar development and human migration [38] . In this study, we found that these changes concurred with a significant reduction in seed count per fruit along the domestication gradient; at a longitude beyond 408 east of NG breadfruit became increasingly seedless. This is somewhat expected since breadfruit cultivars with a high flesh/ seed ratio were more likely to be propagated by people. Seedless fruits are also likely to coincide with the emergence of triploidy in some A. altilis cultivars, but the origins of this event are not clear [38, 39] .
The observed reduced colonization intensity may be an unintended result of selection for high-yielding breadfruit. Because fruit are strong sinks for photosynthate [40] , it is possible that selection for high-fruit-yielding trees might impose limits on the amount of photosynthate available below ground for root colonization. The consequences of this trade-off in resource allocation between root and shoot may have many unintended consequences. AM fungi can confer pathogen resistance to hosts [13] , and this effect may be related to the extent of root colonization [41] . Reduced allocation to mycorrhizas means that these trees may be more vulnerable to pathogens, an effect that could be magnified with industrialscale propagation of single genotypes.
Reduced root allocation will also make it more difficult for trees to access nutrients and water in stressful AY541905 Glomus intraradices
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conditions. AM fungi are well known to increase root depletion zones [42] and aid in the uptake of many essential nutrients, including water [43] . Given that breadfruit production is poised to become an international crop under wide-scale propagation in many new environments, it is not known how well breadfruit will do in places that have nutrient limitations or drought stress. Some studies have shown that mycorrhizal responsiveness (the degree to which mycorrhizas improve plant growth), rather than colonization intensity, can change in response to selection. However, mycorrhizal responsiveness is strongly linked to environmental conditions, and can fluctuate greatly within a short time frame for one individual [18, [44] [45] [46] . During domestication, we expect mycorrhizal responsiveness to decrease simply because cultivated plants are grown in relatively stress-free environments compared with their wild ancestors [47] . Our study was different from many studies examining the effect of domestication on root mutualisms because our trees were not grown under conditions of high nutrient availability (see electronic supplementary material, table S2). The fact that we were able to detect a change in mycorrhizal status even when nutrients were not in excess suggests that domestication effects go beyond simply alleviating nutrient stress and indicates a deeper disruption of the mutualism that is independent from soil conditions.
(b) Arbuscular mycorrhiza fungal community identity Whereas domestication reduced the intensity of root mycorrhization, it had the opposite effect on AM sequence and phylotype richness. While this seems counterintuitive, there are some examples of increased species richness coinciding with reduced colonization intensity [48, 49] . For example, if dominant AM fungi require high resource levels, then a plant's reduction in carbon allocation to roots may increase the persistence of subdominant fungi through competitive release, thereby increasing fungal species richness, despite overall lower abundance of fungi in the roots. In addition, differences in colonization strategies (spores versus runner hyphae) among AM fungi may support higher/lower fungal diversity when fungi are competing for new roots [48] . Finally, domestication could inadvertently have selected for 'generalist' hosts capable of forming symbiosis with a large number of fungi, since these plants were typically moved between sites.
The most common fungi in this study were affiliated with taxa belonging to Glomus group A, a finding that has been reported in agricultural fields [50, 51] , grassland [52] and other temperate ecosystems [53] . When we looked at AM fungal communities as a whole there were only slight differences among trees based on domestication gradient, age of tree and location in the garden. This is probably because the trees had access to the same suite of AM fungi present at the National Tropical Botanical Garden (NTBG) field site. It would be interesting to see if the trees maintained similar communities if given different cohorts of fungi to choose from.
CONCLUSION
Domestication of breadfruit provides a unique opportunity to study the effects of selection on the AM symbiosis with living representatives along the domestication trajectory. We were able to detect a biogeographic pattern along the domestication gradient in breadfruit by controlling for environmental heterogeneity in a common garden. Selection for favourable above-ground traits seemingly concurred with increased host defection from cornerstone below-ground mutualisms. This leaves the possibility that modern breadfruit cultivars may have become more susceptible to environmental stress such as droughts or pathogens, which may impact long-term food security of this and other crops. Future research should now focus on the functional effects of AM fungi on breadfruit cultivars. We still know little about changes to AM fungi in the soil resulting from domestication. This study is a starting point from which to further investigate the mechanisms and ecological consequences that are involved in the domestication process of highly mycotrophic plant crops. figure S4 . Seed number was established in a previous study, using the same trees [38] .
METHODS
(c) Sample collection and determination of fungal colonization We sampled 59 individual trees (electronic supplementary material, table S1) to obtain sufficient replication across species and geographical origin of cultivars. The majority of trees were A. altilis, for which we sampled cultivars with an origin spanning 748 east-west. At each tree, we sampled root soils at 15 cm from three random locations around the bole. For each sample, we located a young root that could be decisively traced to the parent tree. Young roots and any adhering rhizosphere were collected along with approximately 100 ml of bulk soil. For each tree, the three samples were then pooled. Samples were refrigerated immediately, and shipped to the University of British Columbia for further processing.
To determine AM fungal colonization of roots, we subsampled three pooled replicates from each tree. These roots were cut into small fragments (1 cm) and stained with Tryptan blue following a modified protocol [54] . Stained roots were mounted on slides and inspected for signs of AM colonization, including HC, AC and VC. For soil HC, all fungal hyphae were extracted from pooled samples [55] and hyphal length measured using a gridline intersect method [56] .
(d) Molecular analysis of root arbuscular mycorrhiza fungal communities DNA was extracted from the root fragments using the Extract-N-Amp Plant PCR Kit (Sigma-Aldrich, USA) following the manufacturer's instructions. DNA extractions and analyses were performed in duplicate. DNA extracts were diluted 10Â in PCR-grade water before nested PCR.
The community structure of root-colonizing AM fungi was determined by terminal-restriction fragment length polymorphism (T-RFLP) analyses of the fragments of the LSU rRNA gene [57, 58] . This procedure involves nested PCR with the primer pair LR1-FLR2 and a nested reaction with the AM fungal-specific primer pair FLR3-FLR4 [59] , which were labelled with fluorescent dyes 6-FAM (FLR3) and NED (FLR4). The PCR cycling was performed as by Mummey & Rillig [57] , except that the first PCR was run for 30 cycles, and the first PCR products were diluted 500Â before a second PCR. After the second PCR, 50 ml of product was purified by Qiagen quick PCR purification kit (Qiagen, USA). Ten microlitres of the purified PCR product were digested by incubation with 1 U MboI in the manufacturer's recommended buffer for 4 h at 378C, followed by 10 min at 658C for MboI inactivity. Digests were purified by sodium acetate and ethanol precipitation, and diluted in 50 ml of H 2 O. Terminal restriction fragment (T-RF) sizes in each sample were determined using an ABI 3100 automated capillary DNA sequencer (Applied Biosystems, USA) with 500LIZ as size standard. T-RF size determination and quantification was performed using GENEMAPPER software (Applied Biosystems). When the strongest peaks in the electropherograms were not in the range 2000-8000 relative fluorescence units (rfu), the sample concentration was adjusted accordingly and rerun.
T-RF size calling and binning was performed using the same method as Verbruggen et al. [51] . The resulting T-RF profiles were uploaded to the T-REX web application [60] for final dataset-side T-RF binning with a clustering threshold of 1.2 bp. All singletons (across all samples) and T-RFs present in less than three samples were excluded to reduce 'background noise' [61] .
(e) Clone libraries We generated an experiment-wide clone library using amplicons pooled across the six cultivation sites. These were purified using the QiAquick PCR purification kit (Qiagen) and cloned using the pGEM-T vector (Promega, USA) and Escherichia coli JM109 High Efficiency Competent cells (Promega). Ninety-six clones per library were chosen randomly, and the inserts were re-amplified. PCR products of each clone were digested using MboI as described above. Products of the reaction were examined by 1.0 per cent agarose gels. Representative clones of restriction types were sequenced in both directions. Samples were run on an ABI-310 capillary sequencer. Electropherograms of 93 successfully sequenced clones were checked in SEQUENCER (v. 4.10.1; Gene Codes Corporation, USA). All non-redundant sequences were deposited in GenBank under the accession numbers JF798521-JF798571.
Sequences were edited using BioEdit Sequence Alignment Editor and reference sequences of the SSU region were obtained from GenBank. Multiple alignments of sequences were processed using the Clustalx algorithm and a neighbour-joining distance tree was constructed in MEGA v. 4.0 [62] with 1000 bootstrap replicates. We finally defined ten AM fungal phylotypes in the clone sequence based on the phylogenetic tree. T-RFLP analysis of clones was used to generate fragment length profiles of known sequences to identify T-RFLP profiles of experimental samples.
(f) Data analysis (i) T-RF data Because we used dual-labelled primers, each sequence theoretically gave rise to two peaks. AM fungal sequence richness was therefore assessed as the number of T-RF lengths per group divided by two. Based on the phylogenetic tree and after comparing the T-RF size of each clone sequence to the original T-RFLP data, AM fungal phylotype richness was assessed as the number of different phylotypes detected in a sample.
(ii) Data handling and statistical analyses Prior to all analyses, the response variables (richness, AC and VC) were Box-Cox-transformed using (x þ 1) z (z ¼ 0.2, 0.8 and 0.8, respectively).
The main goal of the analyses was to establish whether we could detect significant longitudinal effects along the westeast domestication gradient on AM fungal colonization rate and fungal community composition inside roots. We used two approaches: PMT and ANCOVA. In both tests, the significance of all the factors was tested after variability by other factors was accounted for. For the PMTs, we used the ecodist package in R v. 2.10.0 (http://www.R-project.org) and n ¼ 10 000 permutations. Dissimilarity matrices were calculated with the function distance, using Euclidean distance metric for continuous variables, and a binary 0/1 coding for models that included different Artocarpus species. To account for any potential spatial autocorrelation within the common garden the pairwise distances of all the sampled trees were calculated based on their x, y coordinates on a local site map. For ANCOVAs, site and Artocarpus species were considered as fixed categorical factors. Age and longitude were included as covariates. All possible interaction terms were omitted because preliminary models indicated that most interaction terms were not significant and did not affect the main effect findings of a significant longitude effect.
To test for the effect of domestication without the effect of different Artocarpus species along a west-east gradient (oldest to most recently derived cultivars), we first analysed only A. altilis samples (n ¼ 39). In a second analysis, we wanted to see whether the four Artocarpus species differed among samples that originated within +138 longitude from NG. Therefore, these analyses only included trees that came from a region within or close to NG, the native habitat of breadfruit (n ¼ 26). In figures, linear regression was used to visualize the relationship between domestication distance and seed count, root colonization and AM fungal richness, respectively (using all 56 samples).
